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Single-walled carbon nanotube (SWCNT) films are promising materials for transparent conductive 
films (TCFs) with potential applications in flexible displays, touch screens, solar cells and solid-state 
lighting1,2. However, further reductions in resistivity and in cost of SWCNT films are necessary for 
high quality TCF products3. Here, we report an improved floating catalyst chemical vapor deposition 
method to directly and continuously produce ultrathin and freestanding SWCNT films at the 
hundred meter-scale. Both carbon conversion efficiency and SWCNT TCF yield are increased by 
three orders of magnitude relative to the conventional floating catalyst chemical vapor deposition. 
After doping, the film manifests a sheet resistance of 40 ohm/sq at 90% transmittance, representing 
record performance for large-scale SWCNT films. Our work provides a new avenue to accelerate the 
industrialization of SWCNT films as TCFs. 
    Transparent conductive films (TCFs) have pervaded modern technologies since they represent an 
essential component of various optoelectronic devices. Currently, indium tin oxide (ITO) is the most widely 
used transparent conductive material1. The brittle nature and the limited resource of indium, however, 
present many challenges for ITO applications in flexible electronics. Therefore, alternative transparent 
conductive materials, e.g., carbon nanotubes (CNTs)4, graphene5, metal nanowires6, and metal meshes7, 
have received extensive attention. Among these promising candidates, SWCNT TCFs exhibit great 
potential because of their outstanding electrical, optical, and mechanical properties, good flexibility, and 
high environmental stability8. The main methods for production of transparent SWCNT films include 
liquid-phase processing and floating catalyst chemical vapor deposition (FCCVD)3. Although solution-
based film fabrication is readily scalable and low-cost, the CNT dispersion process can  inevitably lead to 
contamination and shortening of the nanotubes, thus reducing the performance of a film. Gas filtration and 
then press transfer are the main procedures for FCCVD-based film fabrication in FCCVD 4. Gas filtration 
allows good control of CNT synthesis, but produces a low-yield and still requires multiple steps. Inspired 
by the CNT fiber synthesis via FCCVD9,10, we have developed an advanced FCCVD to directly and 
continuously produce a high-quality, freestanding, and transparent conductive SWCNT film at a large scale.  
The freestanding SWCNT films were produced in a vertical FCCVD reactor. Feedstock for CNT 
synthesis and nitrogen carrier gas are introduced continuously from the top of a reactor tube. Tubular thin 
CNT films are continuously exported from the outlet of the reactor. The produce speed of the tubular film 
is 50 ~ 600 m/h. To demonstrate the scalability of this method, two sets of equipment (#1 and #2) with 
different scales were built as shown in Fig 1. Subsequent discussion is based on the large-scale equipment 
#2 with a diameter of 10 cm, unless otherwise specified. 
Thin CNT film fabrication by our method is of ultra-high yield and high carbon conversion efficiency 
(the percentage of input carbon converted to CNTs). The yield of CNT film can be over 50 m2/h and the 
carbon conversion efficiency can be up to 25%. Both the yield and the carbon conversion efficiency here 
are improved by over three orders of magnitude compared to those in reported works11–17, as shown in Fig. 
2a.  
The electrical properties of  SWCNT films over a period of 90 days under ambient conditions 
demonstrate a high stability (Fig. 2b). For a transmittance (Tr) of 90%, the pristine CNT film shows a sheet 
resistance (Rs) of 180 /sq and its conductivity can be improved 3 - 4-fold with HNO3 or gold chloride 
doping. The best transparent conductivity observed was ~ 40 /sq in Rs at 90% Tr by HNO3 doping, and 
the Rs deteriorated to 65 /sq in 2 days. The change of Rs in the first few days results from spontaneous 
doping (the pristine films) and de-doping (HNO3 doping) in air. With AuCl3 doping, the Rs was around 50 
/sq at 90% Tr, and remained at this level even after 3 months storage in ambient conditions. Variation in 
Rs versus Tr of SWCNT films with AuCl3 doping, and comparisons of these values with those of previously 
reported high-performance large-scale CNT films (over 100 cm2) from gas filtration14,16, liquid-phase 
processing18–20 and dry-drawing from CNT forests21, are shown in Fig. 2c. So, relative to the samples 
reported so far in the literature, the stable Rs of 50 /sq at 90% Tr of the synthesized film represents the 
record performance for large-scale CNT films.  
The excellent optoelectronic performance which determines whether the SWCNT films could be applied 
as TCFs (Fig. 2) is primarily ascribed to the high-quality SWCNTs and the unique microstructures of the 
film. Optical absorption spectra (Fig. 2d) indicate that the film is composed of SWCNTs with a mean 
diameter of ~2.2 nm and good crystallinity. According to scanning electron microscopy (SEM) and 
transmission electron microscopy (TEM) images (Fig 2e,), the SWCNT films exhibit a continuously porous 
and reticulate microstructure with numerous Y-type junctions. These Y-type junctions are formed at high 
growth temperature and have longer interbundle connections, which benefits carrier transport11,22. In 
addition, we also propose that the ultra-long SWCNTs that comprise the continuous transparent films also 
contribute to high conductivity23. It is worth mentioning that the transmittance of freestanding CNT films 
ranges from 97% to 60% and can be directly adjusted during film synthesis. The freestanding films of 
different transmittances mounted on plexiglass frames or polyethylene terephthalate (PET) manifest their 
optical homogeneity (Fig 2g). 
It is noted that less than 10% of SWCNTs are individual in the synthesized films, while the mean bundle 
diameter is around 18 nm. These bundles are quite straight and homogeneous, only rarely forming loops or 
circles. This is significantly different from those in the films prepared by other methods9,12,15. CNT 
agglomeration in both the liquid and the gas phase usually causes inhomogeneous bundle structures such 
as loops, which decrease the electrical property of CNT films3,8.   
How to collect and store such a thin CNT film, especially one with transmittance > 80%, is  a big 
challenge. A setup has been designed for direct and continuous collection of the freestanding film (Fig. 3). 
Transparent electrodes can be obtained directly by using a transparent substrate such as PET or 
polyethylene. Some low-surface-energy materials are also good flexible substrates, such as tracing papers. 
A ~50 m long roll and ~4.5 m sheet of transparent film on tracing paper are shown in Fig. 3c. The magnified 
images in the insets of Fig. 3c illustrate that the as-collected films are transparent and homogeneous. 
Especially, the as-collected CNT film can be directly peeled off as a freestanding film again, or can be 
transferred to some other target substrates (Fig 3d). 
In summary, we have shown an advanced FCCVD technique to directly produce a large-area 
homogeneous SWCNT film with excellent transparent conductivity, which has considerable potential for 
applications as TCFs in flexible electronics, touch sceen, photoresponsive sensors, energy devices, and so 
forth3,24. To further improve film performance with the Rs less than 10 /sq at 90% Tr, which would meet 
the requirements of all current applications of TCFs3,8, attention should be focused on both CNT 
synthesis15,24 (in particular the enrichment of a special type of CNTs) and film collection25. The high carbon 
conversion efficiency and stable controllability in composition and excellent performance of the as-
synthesized large-scale films indicate that this method will be of great significance for the economical and 
high throughput production of CNT films, especially as TCFs. 
 
  
 
Figure 1 | Optical images of the freestanding tubular CNT films with different diameters. 
Left: the films exported from Equipment #1 (the synthesis tube diameter ~30 mm). Right: the 
films exported from Equipment #2 (the synthesis tube diameter ~100 mm).  
 
 
Figure 2 | Characterization of SWCNT films as TCFs. (a) Transparent CNT film yield and carbon 
conversion efficiency in this work, together with previously reported FCCVD results based on hydrocarbon 
(refs 11-13,15,16) and carbon monoxide (refs 14,17) as the carbon source. (b) Variation in and 
comparisons of Rs of pristine, AuCl3 doped and HNO3 doped SWCNT films under ambient conditions. Film 
conductivity is improved 3 - 4-fold after AuCl3 or HNO3 doping. Rs changes in the first few days owing to 
the spontaneous doping and de-doping of CNT films, then becomes extremely stable (relative change in 
resistance < 5%). (c) Sheet resistance versus transmittance at 500 nm of AuCl3 doped films. The best 
reported performances of large-area CNT films (over 100 cm2) produced by other methods, i.e. gas filtration 
based on FCCVD (refs 14, 16), a liquid process (refs 18-20) and dry-drawing from multi-walled CNT forests 
(ref. 21), are shown for comparison. (d) Optical absorption spectra of the pristine as-synthesized film. The 
film consists of SWCNTs with a mean diameter of around 2.2 nm. (e, f) Typical SEM images of the SWCNT 
synthesized films with 95% and 90% Tr, showing the continuous SWCNT bundle network and robust Y-
type junctions formed at the growth temperature. The CNT bundles are straight and homogeneous, only 
rarely forming loops. (g) Plexiglass frames covered by optically homogeneous and freestanding films with 
various transmittances. 
  
 
Figure 3 | The continuous collection of a tubular film. (a) Schematic of a set-up for continuous film 
collection on a flexible substrate. During collection, the tubular film is collapsed and attached to a 
flexible substrate over a guide roller. The composite structure composed of a CNT film and substrate 
is then collected on a winder. (b) Photograph of the film collection on tracing paper at ~ 150 m/h for 
Equipment #2. (c) Photograph of a 4.5 m sheet and 50 m roll of uniform SWCNT film (~ 10 cm width) 
on tracing paper and magnified photographs of the framed regions. (d) Freestanding film re-obtained 
by directly peeling off the tracing paper. 
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